INTRODUCTION
============

The anterior cruciate ligament (ACL) is important for knee stability being a primary passive restrictor of anterior tibial translation and contributes to the rotational stability in different plane. [@B1] Movements such as jumping or sidecutting manouvers are particularly controlled by this ligament [@B2] In this regard, articular instability caused by ACL injury leads to significant impairment in daily activities, especially in athletes or young active individuals.

Classically, ACL injury occurs after trauma in valgus and internal/external rotation, during landing movement or abrupt changes of direction, usually in non-contact conditions (without direct knee contact) [@B2] In addition to instability caused by ACL injury, the evolution to early osteoarthrosis represents an important concern in long-term prognosis. [@B1] ^,^ [@B3] Currently, more than 200,000 cases of ACL tears are estimated annually in the United States leading to high socioeconomic losses. [@B4] ^,^ [@B5]

Despite the different proposed treatment options given to the patient, ACL reconstruction has remained the gold standard to treat ACL injury. [@B6] ^,^ [@B7] In fact, ACL reconstruction is recommended in 60-90% cases of injury. [@B5] Among the different materials used as the *neoligament* , autografts often lead to better results when compared to artificial ligaments or allografts. [@B5] ^,^ [@B6]

The sports return is an important indicator to evaluate the success of ACL reconstruction. [@B8] According to a meta-analysis study, one in three patients did not returned to their pre-injury activity level and 45% did not successful return to sport in a competitive level. [@B8] Despite the performance in sports, satisfactory results range from 75 to 97% of the patients. However, less favorable outcomes may occur in up to 25% of cases, depending on the assessment methods. [@B9] Failures in ACL reconstruction are characterized by patient inability to return to routine activities or absence of knee stability. [@B7] The main clinical signs and symptoms observed in cases of failure are joint instability, persistent edema and chronic pain. [@B7] Therefore, mechanical and biological factors are evaluated to better understand the failure reason and obtain better functional results.

The mechanical factors include choice of graft, inaccuracies in graft harvest, inappropriate methods of fixation and errors in the bone tunnels positioning. The femoral tunnel malpositioning is the major cause of failure in ACL reconstruction. [@B9] ^,^ [@B10] Inadequate graft position may lead to loss of knee motion, graft impingment and higher rate of re-rupture. [@B10] In addition, other anatomical alterations such as tibial slope increase, [@B11] malignment of lower limb and other associated lesions (not diagnosed or not adequately treated) can also increase graft mechanical stress. [@B12] In fact, LaPrade *et al* (1999) showed a higher force exerted on the ACL graft when there is concomitant posterolateral corner lesions, [@B13] leading to procedure impairment. In addition to mechanical factors an adequate biological response should also occur. [@B14] Biological factors related to failure include the intrusion of the synovial fluid after ACL injury and necrosis during graft hasvesting and bone drilling. [@B9] Moreover, unfavorable mechanical and biological factors can induce the release of inflammatory cytokines by macrophages, sinoviocytes or fibroblasts - activating osteoclasts - and stimulate the production of metalloproteinases (MMPs) causing degradation of extracellular matrix (ECM) components. [@B9]

The native ACL attaches in the bone through both direct and indirect insertions being a complex highly specialized structure capable of transmitting mechanical loads from a soft tissue to the bone. [@B15] The direct insertion of ACL consists in 4 morphological zones gradually transitioning the ligament to the cartilage and the bone. [@B6] ^,^ [@B15] ^,^ [@B16] The composition of the ECM of direct ligament insertion relates directly to the mechanical demand in the ligament-bone interface. [@B17] The compressive strength that occurs especially in the insertion sites of the ligament leads to the production of molecules that compose the cartilage. [@B17] Proteoglycans (inluding glycosaminoglycans - GAGs), agrecans and binding proteins are examples of ECM molecules of entheses that are increased during compression. [@B18] Moreover, an enrichment of chondroitin 6 sulfate, instead of chondroitin 4 sulfate, is observed in the fibrocartilage during increased compression. [@B16] Other components of the direct ACL insertion include cartilage-specific collagens, such as type II, IX, X and XI. Collagen X is especially important to maintain the interface between the non-mineralized and mineralized portion of the fibrocartilage. The indirect insertion of ACL occurs through the Sharpey fibers, which anchor the ligament to the adjacent bone, providing additional mechanical resistance. [@B15]

After ACL reconstruction, the native ligament structure cannot be restored due to the absence of fibrocartilage remodeling at the graft-bone interface. [@B15] ^,^ [@B19] In this case, instead of forming the 4 gradual zones, tissue incorporation occurs through a fibrovascular scar tissue layer, [@B15] ^,^ [@B20] in which the osteointegration process of the graft is initiated. [@B20] Progressive mineralization of the interface occurs, with subsequent bone ingrowth and graft incorporation. Finally, the continuum of collagen fibers is restored leading to the reformation of the ligament-bone junction. [@B15]

In order to improve the results after ACL reconstruction a growing number of evidences suggest that the enhancement of biological process is beneficial in graft healing. The different histological origins of ACL makes the graft incorporation in the bone a complex and slow healing process divided in osteointegration and intra-articular ligamentization. [@B6] ^,^ [@B21] Different strategies to improve ACL healing have been studied in basic orthopedic science such as the use of mesenchymas cells, platelet-rich plasma (PRP), gene therapies, biophysical and pharmacological actions. [@B6]

Here, we are going to review the mechanisms of ACL healing process after ligament reconstruction describing some of biological modulation mechanisms and the alternatives existing to improve it results. The scientific understanding of the mechanisms involved in ligament reconstruction favors the development and implementation of new technologies focusing on the improvement of clinical outcomes.

ACL healing process
-------------------

The graft healing process after ACL reconstruction involves three phases: early healing phase, proliferative phase and ligamentization phase. [@B21] The early healing phase comprises the period up to the 4^th^ postoperative week and it is initially marked by hypocellularity and increased necrosis, mainly in the center of the graft. [@B7] Here, the inflammatory responses triggered in the site of injury is characterized by the release of cytokines and chemokines that leads to the production of growth factors culminating to the migration and proliferation of cells, revascularization and synthesis of ECM components. [@B22] In addition to pro-inflammatory cytokines, reactive oxygen species (ROS) are also modulators of cell recruitment. [@B23] The tissue remodeling also starts during the early phase between the 1^st^ and 2^nd^ week with the influx of neutrophils and macrophages in the periphery of the graft. [@B22]

Approximately 4 weeks after graft implantation, the proliferative phase starts with the infiltration of cells derived from the synovial fluid, the native ACL remnant or from bone marrow elements released during bone tunnels drilling. [@B21] ^,^ [@B24] The mechanical properties of the graft decreases until the 6^th^ postoperative week and is potentially associated to breakage of collagen fibers of the graft. [@B21] The proliferative phase is characterized by maximum cellular activity and alterations of ECM. [@B21] This phase is defined as the period between 4 and 12 weeks after surgery. [@B25] The cellularity increases progressively with cell clusters observed mainly in the periphery of the graft and acellular areas in the middle. These hypercellular areas are formed by mesenchymal cells and fibroblasts, which secrete different growth factors, [@B7] as bFGF, TGF-beta, PDGF. [@B21] At the end of this phase, cellularity decreases progressively, but still remains high in comparison to the native ACL. [@B21] During this period, a large number of myofibroblasts are observed, which are capable of exerting isometric tension in the cellular and extracellular environment. In intact ACL, these cells are responsible for the crimping structure of the collagen fibers. [@B26] The number of myofibroblasts progressively increases during the first 3 months postoperatively and are responsible for restoring the tension required for the next process of ligamentization. [@B21] Interestingly, although the number of myofibroblasts is considerable during recovery, the cell invasion is lower than in the normal tendon. [@B27]

In response to hypoxia during avascular necrosis in the early healing phase, there is an increase in VEGF expression, with consequent intense revascularization. [@B7] This process, as in cellular infiltration, runs from the periphery to the entire graft. [@B26] The increase in vascularization and extracellular infiltrate reduces the mechanical capacity of the tissue. Thus, it is considered that the graft has the lower mechanical properties in 6 to 8 weeks after reconstruction. In addition, there is a reduction in the density of large diameter collagen fibrils which are predominant in the native ACL, which are progressively replaced by small diameter fibrils, [@B21] whose mechanical strength is lower. [@B28] The lack of the mechanical strength in the neoligament is also justified by the increase in type III collagen concentration. [@B26]

Most of the knowledge gathered regarding ACL healing is based on animal models. In humans, the remodeling process is likely to be more discreet and prolonged. In this regard, the complete replacement of intrinsic graft cells is not observed, and the central necrosis and denervation are smaller, not exceeding 30% of the graft\'s thickness. In addition, the neovascularization process in humans is not so prominent when compared to experimental models. [@B21] ^,^ [@B26]

Lastly, the maturation or ligamentization phase starts 3 months after the graft implantation. [@B26] This phase involves the progressive transformation of the graft in order to restore the native characteristics of the ligament. However, the complete restoration of ACL characteristics is controversial. Here, the progressive return to normal tissue cellularity takes place until the 6^th^ postoperative month. [@B21] Similarly, ECM proteins and collagen crosslink values also tend to normalize in this period. [@B26] The graft vascularization decreases, and the normal distribution of vessels occurs up to 12 months after the surgery. However, some changes remain. The diameter of the collagen fibrils remains heterogeneous and the regular crimp of the collagen does not return completely. [@B25] The increased synthesis of collagen type III decreases during the ligamentization phase in comparison to the proliferative phase, but still remains in higher concentration than in native ACL. [@B26] An experimental study in goats showed that the concentration of type III collagen returns to baseline values only 3 years after graft implantation, suggesting that the ligamentization phase might be active throughout this long period. [@B29]

While the proliferation phase has differences between animals and humans, the ligamentization phase seems to be very similar. Distinction exists only in the period of time which the changes occur. [@B26]

Bone maturation occurs simultaneously with remodeling of the intra-articular portion. Several studies have shown that after 12 weeks the transition zone between the graft and the bone tunnel becomes more organized with an increase in the density of Sharpey fibers. [@B21] ^,^ [@B26]

Biological mechanisms for modulation of healing
-----------------------------------------------

As mentioned before, modulation of healing mechanisms favors a better outcome after ACL reconstruction. Although the weakest portion of graft rupture is in the intrasubstance (intra-articular) portion, the major investigation is directed towards the healing of the tendon-bone interface. [@B14] Strategies to modulate this response have been pointed out as promising and involves: osteointegration in the tendon-bone interface, cell supplementation, osteogenesis, angiogenesis and modulation the inflammatory process. [@B6] ^,^ [@B14] ^,^ [@B22] ^,^ [@B26]

The ligamentous healing process should be balanced in order to ensure an efficient integration of the graft without compromising the intra-articular mechanical strength. In this sense, the induction of angiogenesis is essential to favor the survival and integration of graft into the bone, but when in excess can lead to weakness, decreasing the mechanical properties. [@B14] In addition, the inflammatory response and production of matrix degradative enzymes are essential for the healing process, but when exacerbated may increase ligament deterioration in the intra-articular environment. [@B14] Of note, the impact of non-steroidal anti-inflammatory drugs (NSAIDs) in tendon/ligament repair is still poorly known. [@B30] The use of NSAIDs is efficient in control the pain specially in the initial postoperative period, however it is difficult to assume the routine use by surgeons, since local inflammation should be regulated but not inhibited. [@B14]

The use of biological therapies to modulate the healing process in the ACL reconstruction has been increasingly explored due to its promising potential to favor a better outcome in the postoperative period. In the next sections we are going to explore the recent findings on biological enhancement strategies for ACL reconstruction.

Growth factors
--------------

Growth factors are molecules biologically involved in cell proliferation, differentiation, migration and adhesion. They are produced and secreted by different types of tissues, and are crucial orchestrators of tissue repair processes, acting in all phases of healing. [@B31]

Several studies have evidenced a positive association between the administration of exogenous growth factors with the improvement of ligamentous healing, acting both in the process of osteointegration and ligamentization. [@B6]

Among the different factors, BMP, bFGF, [@B32] EGF, TGF-beta and VEGF are the most studied. The platelet concentrate, that are formed by different growth factors, such as PDGF, TGF-BETA and VEGF is also well described in literature being a potential approach for enhancement of the healing process. [@B24]

In clinical studies, the most commonly used strategy is the treatment with platelet-rich plasma (PRP), derived from autologous blood. PRP is a source of several growth factors and other bioactive molecules, which can active transcription factors after binding to specific receptors increasing expression of growth-related and immunomodulatory genes. During ACL reconstruction, PRP favors the ligamentization process while has a lower impact in bone-graft integration. [@B33]

Gene Therapy
------------

Gene therapy is designed to introduce genetic modifications into joint cells to induce the production of beneficial molecules for specific treatment proposals. [@B34]

The transfection of BMP-2 gene into different cells in the graft, and the consequent increase in BMP-2 expression, significantly increases the integration of the semitendinosus graft into the bone tunnel. [@B35] Along with this study, others have shown the beneficial impact of transfection of growth factors\'genes during healing. In this context, gene therapy can optimize the supply of growth factors in the integration site. Modulating stem cells with growth factors, such as BMP, TGF-beta and PDGF-B, a continuous concentration of these factors is released at the graft-tunnel interface. [@B6] Therefore, there would be a continuous, larger and more controlled supply of these substances. Importantly, the use of these factors is limited due to its low half-life, typically varying from minutes to hours. In addition, gene therapy still finds some resistance due to the potential risk for malignancy and exaggerated release of cytokines. [@B36]

Biomaterials
------------

Biomaterials are composed by inert molecules that interact with the patient biological system without causing immunological rejection. [@B37] Examples of biomaterials include chitin fabrics, [@B38] bioglass, [@B39] hyaluronic acid [@B14] and collagen matrix [@B6] .

Biomaterials are implanted in the human body functioning as biological fixation and coating methods, biosynthetic bone substitutes or osteoconductive materials. The biodegradable orthopedic devices favors modulation of the inflammatory response, regulation of the ECM formation, angiogenesis stimulation, osteoblastic proliferation and differentiation and accelerates the mineralization process improving the bone formation. [@B38] ^--^ [@B40]

In particular, biosynthetic bone substitutes, such as the demineralized bone matrix, are promising materials for ACL reconstruction due to its osteoinductive and osteoconductive properties. [@B6] Osteoinduction is the process by which osteogenesis is induced, implying the recruitment and stimulation of immature cells to become osteoblasts precursors. Osteoconduction is the capability to allow bone growth over its surface. [@B41] Osteoconductive materials, such as calcium phosphate, showed good results related to improvement the osteointegration process. [@B42]

Multi and pluripotent cells
---------------------------

Stem cells, multi or pluripotent, are defined as cells capable of long-term proliferation, self-renewal and differentiation into many cell lineages and types. [@B34] Examples are: induced pluripotent cells (iPSCs), umbilical cord-derived mesenchymal stem cell, [@B6] stem cells derived from fat (ADSCS), bone marrow (BMSCs) [@B43] or from tendons and ligaments (derived from ACL CD34 +). [@B44] Usually, these cells are placed on scaffolds for their stocking and release.

The use of multipotent cells stimulates the formation of a native-like fibrocartilage in the graft-bone interface [@B45] due to its osteogenic, chondrogenic and/or adipogenic potential. [@B44] Stem cells can removed through aspiration of blood from the bone marrow during the ACL reconstruction or be cultivated and expanded prior to the surgical procedure. [@B6] The advantage of autologous cells is to avoid the risk of rejection, infection or malignization. [@B46] The so-called mesenchymal stem cells are multipotent cells with the ability to differentiate into mesoderm adult cells, [@B34] such as the periosteum. [@B15] In this context, the use of periosteum-derived stem cells can recreate the fibrocartilage present in the normal ACL insertion through the promotion of osteogenesis and chondrogenesis. [@B43] In fact, good results were found when synthetic grafts covered by periosteum were used in ligament reconstruction. [@B40] Interestingly, the presence of the ACL-remained mesenchymal cells was beneficial in favoring the proprioception and vascularization of the graft enhancing the healing process. [@B47]

Pharmacological strategies
--------------------------

Pharmacological strategies to enhance ACL healing include the use of agonists or antagonists that modulate the different phases of the repair process, namely: bone growth or bone resorption, inflammatory response and degradative enzymes present after ACL injury, and during the postsurgical healing period. Metalloproteinases (MMPs) inhibitors, which reduce the MMPs in the synovial fluid, improving the maturity of the graft-bone interface [@B48] are one example of pharmacological treatment.

In addition, agonists of the parathyroid hormone (PTH) receptor 1 have been suggested to improve reconstruction outcome. PTH is an anabolic regulator of calcium and phosphorus homeostasis, acting on the osteocytes and chondrocytes via PTH receptor (PTH1R). This is the only PTH receptor present in the bone tissue, being expressed in the stem cells derived from the bone marrow (BMSCs), osteoblasts and osteocytes. In the early phase of the ligament osteointegration process, PTH binds to the receptor present in these cells, balancing the bone turnover process, preventing osteoblastic apoptotic and stimulating bone formation. Thus, accelerates the heal during osteointegration. [@B49]

Drugs primarily described for different purposes, may also be beneficial. Simvastatin, a drug commonly used to treat dyslipidemia, has both anti-inflammatory and antioxidant effects decreasing inflammatory mediators (such as TNF-alpha and INF-gamma) and oxygen free radicals. [@B50] Moreover, Simvastatin showed an anabolic effect on the bone formation inducing BMP-2 culminating with angiogenesis and osteogenesis in the early stages after ACL reconstruction. However, without improves the long-term biomechanical properties. [@B15]

Bisphosphonates are drugs used in the treatment of diseases affecting bone metabolism. It has high affinity for hydroxyapatite, the main component of inorganic bone matrix, and act directly or indirectly by osteoclasts inhibition, interfering in bone remodeling with increased bone mass and improvement of mineralization. Bisphosphonates also act through inhibition of inflammatory mediators. [@B51] The use of alendronate, one type of bisphosphonates, reduces the tunnel bone resorption and promotes osteointegration of the graft during the early phases of the healing process. [@B52]

Biophysical measures
--------------------

Other strategies were also studied and proved to be effective in enhancing the healing process after ACL reconstruction. Hyperbaric Oxygen Therapy promotes a better organization of collagen fibers. Moreover, it optimizes neovascularization, [@B53] inducing the expression of angiopoetin, bFGF and VEGF and accelerates the osteoinduction *via* BMP-2, [@B54] leading to a higher maximal pullout strength. [@B53]

The use of low intensity pulsed ultrasound (LIPUS) [@B48] ^,^ [@B55] and extracorporeal shockwave therapy (ESWT) proved to be effective in improving the healing process acting in both molecular and biomechanical aspects. [@B6] LIPUS can stimulate osteoblasts and fibrocytes and align collagen fibers. In addition, it increases the expression of angiogenic factors, such as VEGF. [@B55] ESWT proved to be effective in bone formation *via* BMP and neovascularization. [@B56] It is suggested that the shock waves may influence the mechanotransduction in the tissue, which is the ability of biological modulation through physical stimuli, converting acoustic mechanical energy into biological signals. [@B57] Thus, it induces the production of angiogenic factors such as VEGF and endothelial nitric oxide synthase (eNOS), leading to cell proliferation and formation of neovessels. [@B57] Indeed, a clinical study showed reduction in tibial tunnel bone loss in the group that received the ESWT treatment compared to the control group, two years after ACL reconstruction. [@B56]

### Bioactive molecules

Lastly, the use of bioactive molecules has also been studied in ACL reconstruction. The addition of vitamin C (ascorbic acid) in the intraoperative irrigation prevented graft deterioration, restoring the anteroposterior stability of the knee in the 6^th^ week after surgery. [@B23] Ascorbic acid acts as an antioxidant, neutralizing ROS and antagonizing the oxidative stress caused by the inflammatory process. [@B23] By modulating the cell recruitment, it reduces graft degeneration improving bone, tendon and graft healing process. [@B58]

Vitamin D is essential for mineralization and consequently for the maintenance of bone quality, with an important role in skeletal homeostasis. During the consolidation process it acts on the inflammatory cells, cytokines, growth factors, osteoblasts and osteoclasts. [@B59] Although no study has evaluated the direct effect of vitamin D during the healing process after ACL reconstruction, it is expected that by improving mineralization, vitamin D may optimize graft osteointegration.

Another bioactive molecule that is potentially beneficial during ACL healing is omega-3 fatty acid family. Omega-3 lipids act as an antioxidant and anti-inflammatory, leading to good results during the healing of the medial collateral ligament. In this regard, studies that address the direct effect of omega-3 derived molecules are needed to better understand the mechanisms of repair induction. [@B60]

CONCLUSION
==========

Anterior cruciate ligament injury is one of the major causes of knee surgery and, despite the satisfactory results, ACL reconstruction can lead to joint instability and early osteoarthritis. In recent years, the increasing number of surgeries and the on-demand need for good results explain the growing amount of technological investment in the field. Among the different aspects of ACL reconstruction that may be modulated, the graft healing process is an interesting therapeutic target. Given that the biological mechanisms involved in ACL healing are being appreciated in literature, new focused therapies are beginning to emerge. In the present study, we discussed the natural pathway of graft integration and healing in order to explore the major biological regulatory mechanisms that enhance graft repair.

Despite the several studies and controversies regarding ACL healing, the mechanisms that explain different outcomes are not completely described hindering the development of new opportunities for treatment. The restoration of the native condition of osteotendinous insertion is still challenging and more research is needed to clarify the pathophysiology of ACL injury and healing leading to a more guided and intelligent design of new therapies.

Here we presented different biological strategies to enhance *neoligament* repair. Each type of management has specific advantages and disadvantages; therefore, the treatment choice must be based on patient needs and medical history. Timing, treatment schedule and the dose of different treatments are still controversial and further studies will shed light on the impact of biological enhancements for ACL reconstruction. In this regard, surgical management of ACL injury may be followed by adjunctive biological therapies that will decrease failure rates, leading to a better/faster functional recovery and patient return to usual activities.

The study was conducted at the Instituto de Ortopedia e Traumatologia do Hospital das Clínicas, da Faculdade de Medicina - Universidade de São Paulo.
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